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ARTICLE INFO ABSTRACT
Keywords: Eccentric fiber Bragg grating (EFBG) is inscribed in standard communication single-mode fiber
Eccentric fiber Bragg gratings using femtosecond laser pulses, and the temperature and strain sensing characteristics are
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experimentally demonstrated and analyzed. The EFBG exhibits strong thermal stability and good
robustness in high-temperature measurement up to 1000 °C, and undergoes different thermal
sensitivities during Bragg peak and the strong resonance coupled cladding spectral comb. The
temperature sensitivity linearly increases with respect to the effective index of the resonant
modes. Such a situation also occurs in axial strain measurement. These characteristics are of high
interest for multiparametric sensing at high temperatures.

1. Introduction

Fiber grating sensor, due to its small size, corrosion resistance, anti-electromagnetic interference and good stability, can be applied
in various engineering environments. Nowadays, it has been widely used in oil and gas chemical industry, civil engineering, aerospace
and military fields [1,2]. By demodulating its transmitted optical signals, fiber grating sensor can sense a variety of external physical
parameters such as temperature, strain, vibration, rotation, magnetic field and electric field [3-5]. In view of the needs of practical
engineering, people put forward higher requirements for optical fiber sensors and no longer only focus on the single parameter
measurement. Meanwhile, the cross interference between different physical parameter measurements will seriously affect the sensing
performance of the system, so the importance of monitoring the sensing system with multiple parameters at the same time is also
highlighted [6,7].

Eccentric fiber Bragg grating (EFBG) is birefringent grating, which is produced by using femtosecond pulses to induce highly
localized refractive index modulation that deviates from the center of the fiber core [8-11]. In EFBGs, both the Bragg resonance and
the cladding mode resonance are excited. Bragg resonance is inherently sensitive to ambient temperature and axial strain [12-14].
Meanwhile, cladding mode resonances has also been demonstrated to be applied to a variety of sensing, mainly for refractometric
sensing [15-17], bending sensing [18-20]. Moreover, these femtosecond pulses fabricated gratings present very high thermal stability,
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which can operate at temperatures higher than 1000 °C without any degradation [21,22]. These behaviors make EFBG a good potential
platform for multiparametric sensing in harsh environments.

Temperature and strain are the two most important parameters in production safety and structural health monitoring. In this paper,
we demonstrate the fabrication of EFBGs with the 800 nm fs laser pulses, then the thermal and stain characterization of EFBGs are
investigated. The results show that the resonance wavelengths of EFBG increase linearly with temperature or axial strain. Meanwhile,
we found that the Bragg and cladding resonant modes undergo different sensitivities, which linearly increases with respect to the
effective index of the resonant modes. Based on that, potential multiparametric sensing of temperature and strain with EFBG is further
illustrated.

2. Eccentric fiber Bragg gratings fabrication

Our EFBGs are fabricated by the point-by-point (PbP) writing technique using 800 nm fs pulses(100 fs width and 1 kHz repetition
rate) delivered by amplified titanium-doped sapphire laser (Spectra-Physics) system. The experimental setup is shown in Fig. 1(a). The
nonhydrogenated single-mode fiber (Corning SMF-28) is fixed on a high-precision accuracy, 3-dimensional nano-displacement plat-
forms (Newport) with an accuracy of 5 nm. The vertical position of the fiber axis relative to laser focus (z-direction as shown in Fig. 1
(a)) could be visually controlled in reflection using a charge coupled device (CCD) positioned above the 100 x microscope objective
lens. The visual process of writing fiber along the x-direction at a constant speed was monitored by the horizontal CCD. Using a
broadband light source (NKT Photonics) as input light, the transmission spectra of EFBG are recorded by an optical spectrum analyzer
(OSA, Yokogawa AQ6370). The attenuated irradiation energy in the fiber is estimated to be 1.5 pJ. Fig. 1(b) and (c) show the illus-
tration and microscope image of the EFBG.

To fabricate EFBG, the fiber was shifted 2 pm off-center in the y direction and translated in the x direction at speed related to the
desired period. Fig. 2 shows the amplitude spectra of a fourth-order EFBG with a period (A) of 2.144 pm. It can be seen that the Bragg
resonance (Ag) occurs at 1560.7 nm, and the comb-like amplitude spectrum of several hundred narrow-band cladding mode resonances
occur on the left. The EFBG’s main features are summarized in Table 1. Fig. 2 insert shows the comparison of cladding mode coupling
between eccentric FBG and well-centered normal FBG. It is obvious that there are much stronger cladding mode coupling in EFBG.

3. Sensing mechanism of EFBGs

The Bragg resonance wavelength of the EFBGs can be denoted by the phase matching conditions as shown in equation (1) [14]:

mAp = 2Meft core - A (@))]
and the resonance wavelength of the jth-order cladding mode can be expressed as shown in equation (2):

mﬁ{: = <”cff,corc + niff.c]ad) A (2)
where gt core is the effective index of the core mode, niff’clad is the effective index of the jth-order cladding mode, and the A is the
grating period.

Considering only the environment temperature dT changes, the Bragg wavelength differential dig and the jth-order cladding mode
wavelength differential dljc can be written as following equations (3) and (4) [14]:

mdﬂB _ aA aneff.core
dT =2 <neff,core : 67 +A- oT (3)
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Fig. 1. (a) Experimental setup for fabricating EFBG. (b) Illustration and (c) microscope image of the EFBG.
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Fig. 2. Amplitude spectrum of an EFBG with A = 2.144 pm and L = 0.5 cm. Inset: zoomed contrast spectra of eccentric FBG and normal FBG.

Table 1

Main preparation parameters of EFBG.
Features Data
Off-center 2 pym
Period 2.144 pm
Order:m 4
Length 5 mm
Bragg wavelength 1550.7 nm

mdxljc B Ot core + Bnu ¢ clad oA W
dT - 677, A+ 6T Heff core + eff.clad (4)

The expression of equation (4) can also be transformed into the following equation (5):

md2,
dT

= (neff.core oo 12, eff clad fclad) Ata- (n“ff"‘"e + néff'““‘d) A ©

ol .
where the &,,,, = 1 Pt and g | = 1 Tt are respectively the thermo-optic coefficient of the core and cladding. The a = 1 % is the

A oT
thermal expansion coefficient of the fiber waveguide.

When fiber is subjected to axial strain, a longitudinal displacement AL appears along the axial direction, which results in the change
of grating period AA. Within the linear elastic range, the axial strain € of the grating is defined by equation (6) [23]:

AL AA
AN ©)

The Bragg wavelength differential dis and the jth-order cladding mode wavelength differential d#. corresponding to axial strain in
amplitude spectrum can be given by following equations (7) and (8) [24]:

mdag o 0A a”cfl'.corc
de =2 (netf,core ° Oe +A- Oe (7)
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j
Heff core + Teff clad

where 7., and 7,4 are respectively the elastic-optic coefficient of the core and cladding of the fiber. Therefore, Bragg wavelength and
the jth-order cladding mode wavelength can be well used to monitor the longitudinal displacement.

In general, considering the combined action of strain and temperature, the resonant wavelength change of the fiber grating can be
expressed as shown in equation (9) [25]:

AMT, e) =K.Ae + Kr AT 9)

In the above relation, the cross term of thermal and strain response is ignored. As a result, for two resonant wavelengths to be
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measured, the following equation holds:
AL K K ][ Ae
{Aﬂz} - {Ké‘z Kp, | | AT (10)
where K, and K are the temperature and strain sensitivities of EFBG, respectively. By measuring the variation of resonant wavelength

with temperature and strain separately, the elements of the sensitivities matrix K can be determined experimentally. Once the
sensitivity coefficient is calibrated by experiment, the applied strain and temperature change can be deduced.

4. Sensing experiments and discussions

For thermal characterization, the EFBG was placed in a heating furnace (Type: OTF-1200X) in its natural state (keep tension free). It
should be noted that the EFBG had been annealed at 1050 °C for 4 h firstly before temperature behavior being measured. The
wavelength and reflectivity of the grating would change slightly after the first high-temperature annealing. As shown in Fig. 3, the
resonant wavelength decreases 0.92 nm and the amplitude increases by 4.4 dB when the temperature is cooled to room temperature
after the first annealing. This can be explained as the refractive index change An with low stability (type I FBG) caused by scattering
around the focus of femtosecond pulses can be erased during the high annealing process, which leads to the increase of modulation
refractive index Anpq and the decrease of effective index Anegr [26].

Fig. 4(a) depicts the amplitude spectra of the EFBG under different furnace temperatures, which was increased from 25 °C to
1000 °C at a rate of 20 °C/min. Every spectral data was recorded after 30 min of temperature stabilization. The furnace temperature
accuracy is £0.1 °C. In addition, repeated heating and cooling processes were recorded and the consistent amplitude spectra were
obtained, indicating that the EFBG has strong thermal stability and good repeatability in high temperature.

In order to analyze each mode separately, we amplified the Bragg resonant peak (shown in Fig. 4(b)) and cladding resonant peak
(shown in Fig. 4(c)) against different temperatures. We can see the Bragg wavelength and cladding mode resonant wavelengths both
redshift with temperature increasing, but the wavelength shifts are not identical. During the process of increasing temperature, the
resonant Bragg wavelength red-shifted about 14.03 nm. The top part of Fig. 5 shows the experimental and linear fitting results of the
Bragg resonant wavelength. In which, the mean Bragg resonant temperature sensitivity is Kr, g = 14.4 p.m./°C with the R-squared of
0.999.

The bottom part of Fig. 5 illustrates the evolution of the thermal sensitivity of resonances located around selected wavelength in the
amplitude spectra of EFBG. Be noted that the inscribing of EFBG destroys the cylindrical symmetry of fiber and creates birefringence
locally, which results in resonance splittings between both polarization modes (radial and azimuth polarization modes) and is spec-
trally manifested by the splitting of higher-order mode resonant peaks. These modes may result in two adjacent resonance dips in the
spectrum and have sensitivities with slight difference [9]. In our experiment, the sensitivity data is recorded by the resonances with
deeper dip. From the experimental data, the shorter the wavelength of cladding mode (higher order), the lower the sensitivity. The
temperature sensitivity Kris approximately linear with the selected resonant wavelength A.cs. For the EFBG used in the experiment, the
linear fitting relationship is K7 = —4.770 + 0.0124 Aes.

Equation (5) suggests that the wavelength temperature sensitivity is mainly related to the thermal-optic effect and thermal
expansion effect of EFBG. The thermal-optic coefficient is directly related to the mode effective refractive index rtéff. According to
equations (1) and (2), the resonant wavelength also corresponds to rtiff. Therefore, the relationship between temperature sensitivity
and mode effective refractive index can be further expressed as Kr = 4.844 + 6.646 n];ff.

In order to study the strain sensing performance, the EFBG was fixed at one end and the other end was hung with axial load, which
added 40 g each time until to 260 g. It takes 10 min to establish the equivalent force after loading.
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Fig. 3. Amplitude spectra of the EFBG before and after annealing at room temperature (25 °C).
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Fig. 4. (a) Amplitude spectra of the EFBG under different temperatures. Behaviors of the Bragg resonance (b) and the cladding resonance (c) with

respect to temperature changes.
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Fig. 5. Bragg wavelength shift with temperature (top) and thermal sensitivity of resonances located around selected wavelength in the amplitude

spectra of EFBG (bottom).

The axial strain can be calculated from the load weight according to Hooke’s law & = F/SY. Where ¢ is axial strain, Y =7 x 10'° N/
m? is the Young’s modulus of fiber, F is the axial tension, and § is the cross-sectional area of the fiber. Fig. 6(a) shows the amplitude
spectra of a EFBG under different axial strains. In Fig. 6(b) and (c), we respectively amplified the Bragg resonant peak and cladding
resonant peak for different applied axial strain. The experimental data show that the Bragg peak and cladding resonant wavelengths
redshift when the axial strain increases. Similar to temperature response, these modes undergo different sensitivities. The top part of
Fig. 7 depicts the linear regression of the experimental data for the Bragg peak, presenting a sensitivity of K, g = 1.15 p.m./pe with the
R-squared of 0.999. The bottom part of Fig. 7 illustrates the evolution of the strain sensitivity of resonances located around selected
wavelength in the amplitude spectra of EFBG. The strain sensitivity K, is approximately linear with the selected resonant wavelength
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Fig. 6. (a) Amplitude spectra of a EFBG under different axial strains. Behaviors of the Bragg resonance (b) and the cladding resonance (c) with
respect to axial strain.

Ares-, and the linear fitting relationship is K, = —2.742 + 0.0025)s. Similarly, the relationship between strain sensitivity and mode
effective refractive index can be further expressed as K, = —0.811 + 1.335 rtiff.

Based on the different behaviors of Bragg resonance and cladding resonance in spectra, multiparametric sensing can be realized by
selective tracking of Bragg peak As and cladding resonance peak Ac. According to equation (10), temperature and strain can be
determined simultaneously by decoupling processing, employing the following relationship:

AT]  [Kep Krs ] '[Ads a1
Ae - Ks,C KT_C A/{C

where Alg, Alc are wavelength shifts of Bragg and selected cladding resonance, K g and K¢ g are temperature and strain sensitivitie of
Bragg resonance, K, c and K, c are temperature and strain sensitivitie of selected cladding resonance, respectively.

The temperature and axial strain can be determined independently provided that the corresponding sensitivity satisfy the good
conditions of the matrix inversion as indicated in equation (12):

D=K.p-Krc—Kec-Krp #0 (12)

According to the sensitivity extracted above, it can be calculated that the satisfied range covers the full resonant region of EFBG. So
the two parameters of temperature and strain can be measured simultaneously according to equation (11).

5. Conclusion

In summary, the EFBG was successfully inscribed in nonhydrogenated standard communication fiber using femtosecond laser
pulses with PBP direct writing technology. The sensing properties of the EFBG to temperature and axial strain were studied system-
atically. The grating presents a strong robustness for high temperatures up to 1000 °C with the Bragg sensitivity of 14.4 p.m./°C. For
cladding mode resonance, the temperature sensitivity varies with the mode effective refractive index n]e“, the linear relationship can be
written as Ky = 4.844 + 6.646 ;. We also experimentally demonstrate that the resonant wavelength of the EFBG are linear to the
axial strain, and in the cladding spectral comb the stain sensitivity decreases with the decrease of resonant wavelength. The
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n

sensitivities of the Bragg resonant peak is 1.15 p.m./pe and the relationship between the strain sensitivity and n_;, can be expressed as

K.,=-0.811 +1.335 n{;ff. These properties make EFBG a good potential platforms for multiparametric sensing in harsh environments.
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